per sample area) were measured as dependent variable and treatment means, sample sizes
and variance estimates were reported. Included were two experiments on macroalgae (this
study), five experiments with periphyton in freshwater, brackish and marine
ecosystems””*®, two experiments with salt marsh plants*, and one with lake
phytoplankton®, including subtropical and temperate climates in North America and
Europe. We analysed data from sampling dates when species richness reached the seasonal
peak, which was usually in late spring or summer. Data were standardized using the
common meta-analysis metric of standardized effect size, Hedges’s d (ref. 21). This is a
measure of the difference between experimental and control means, divided by a pooled
standard deviation and multiplied by a correction factor to account for small sample sizes.
Homogeneity of effect sizes was tested using the Q-statistic®'. As we detected significant
heterogeneity among effect sizes we split the data set into low-productivity (oligotrophic
and mesotrophic) and high-productivity (eutrophic) sites, based on information
provided in the publications.
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The nematode worm Caenorhabditis elegans and its relatives are
unique among animals in having operons'. Operons are regu-
lated multigene transcription units, in which polycistronic pre-
messenger RNA (pre-mRNA coding for multiple peptides) is
processed to monocistronic mRNAs. This occurs by 3’ end
formation and trans-splicing using the specialized SL2 small
nuclear ribonucleoprotein particle’ for downstream mRNAs'.
Previously, the correlation between downstream location in an
operon and SL2 trans-splicing has been strong, but anecdotal’.
Although only 28 operons have been reported, the complete
sequence of the C. elegans genome reveals numerous gene
clusters®. To determine how many of these clusters represent
operons, we probed full-genome microarrays for SL2-containing
mRNAs. We found significant enrichment for about 1,200 genes,
including most of a group of several hundred genes represented
by complementary DNAs that contain SL2 sequence. Analysis of
their genomic arrangements indicates that >90% are down-
stream genes, falling in 790 distinct operons. Our evidence
indicates that the genome contains at least 1,000 operons, 2—8
genes long, that contain about 15% of all C. elegans genes.
Numerous examples of co-transcription of genes encoding func-
tionally related proteins are evident. Inspection of the operon list
should reveal previously unknown functional relationships.

In order to search the genome for mRNAs that contain SL2, we
hybridized microarrays containing 17,817 predicted genes (94% of
known and predicted genes) with probe enriched for SL2-contain-
ing mRNAs (see Methods). The results are presented in Fig. 1a. The
line shows that the genes form three peaks, a peak of about 1,200
genes with very high SL2/poly(A) " ratios and two larger peaks with
low SL2/poly(A)* ratios containing the remainder of the genes. As a
positive control, we identified 319 genes that produce SL2-contain-
ing mRNAs on the basis of analysis of the sequence traces of cDNAs
from the Y. Kohara laboratory (listed in Supplementary Infor-
mation Table 1). Fig. la shows that most (84%) of these were
among the SL2-enriched genes. Negative controls include 100 genes
that are the first genes in the operons identified by the 100 highest
SL2/poly(A)* scores, and very few of these are among the SL2-
enriched genes (Fig. 1b). We conclude that the microarray probing
successfully identified genes that are trans-spliced to SL2.

Having performed a global search for genes that produce SL2
mRNAs, we determined whether their genomic structure indicated
that they are located within operons. Each gene was evaluated as to
whether it was likely to be downstream in an operon by the criteria
described in Fig. 1 legend, using either the WormBase® or the
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Figure 1 SL2/poly(A)" ratios of 17,817 C. elegans genes. Genes were divided into bins
according to ratios, and plotted as logo(ratio) (line). a, Distribution of confirmed SL2-
accepting genes. Percentage of 319 genes shown to be SL2 trans-spliced on the basis of
sequenced cDNAs (bars). b, Distribution of first genes in operons. First genes in the
operons identified by the 100 highest SL2/poly(A)* ratios were distributed into bins.

¢, Genes in the leftmost peak and four control groups of 100 genes were evaluated for
location in operons. Genes whose trans-splice sites were within 1 kb of the stop codon or
500 bp from the poly(A) site of another gene were scored as downstream in operons.
Percentage of genes in each bin scored as downstream in operons is shown.

Intronerator website®. In the set of 1,200 SL2-enriched genes
contained in the leftmost peak, 86% were scored as downstream
in operons, and only 4.5% were scored as first genes in operons (Fig.
1c). From the set of genes that do not show significant SL2/poly(A) "
ratios, only 15-20% were scored as possibly downstream in oper-
ons. This analysis provides strong evidence that the microarray
experiment effectively identified C. elegans genes that are in oper-
ons. These data show a robust correlation across the genome
between SL2 trans-splicing and downstream location in an operon,
confirming and extending previous data based on individual genes.

We used three methods to estimate the number of operons in the
genome. First, we collected all of the genes in operons, both from
microarray data and in the list of SL2-containing ¢cDNAs. The
combined list contains 2,291 genes in 881 operons (Supplementary
Information Table 2). Second, we estimated the number of operons
that were missed by the microarray data. The list of SL2 spliced
genes identified in the microarray experiments contained 74% of
the genes identified from cDNA clones, and thus presumably of all
SL2 spliced genes. Therefore we estimate that the genome contains
at least 1,068 operons (790/0.74). Third, genes can be predicted to

Table 1 The number of genes per operon

Genes per operon No. of operons
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Figure 2 Chromosomal distribution of operons. Each chromosome was divided into
equal-sized bins of 665,230 bp. The xaxis is in Mb from the left end of each chromosome.
The number of predicted genes in each bin (right-hand y axis) is shown by the data points.
Operons (left-hand y axis) are shown as bars.

be in operons on the basis of their gene structure. We formed a list of
possible operons on the basis of gene orientation and a spacing of
less than 1 kilobase (kb) between stop and start codons. There are
>3,000 possible operons on this list, and 790 of these were found to
be SL2-enriched in our microarray experiments. On average, the
remaining genes express transcripts that are at comparable levels to
the SL2-containing transcripts, making it unlikely that we missed
many genes because they are expressed at too low a level to have
been detected on the microarrays or by cDNA clones. Instead, the
remaining genes may not be in operons, but instead may be genes
that are fortuitously close together.

The average operon contains 2.6 genes, and the longest contains 8
genes (Table 1). 332 operons have more than two genes, and in 58%
of these every downstream gene was scored as SL2 trans-spliced.
These data indicate that a large percentage of SL2-accepting genes
were identified, and provide strong support for the conclusion that
downstream genes in operons are usually or always trans-spliced by
SL2. If there are about 1,000 operons with 2.6 genes per operon,
there are ~2,600 genes in operons. Thus the C. elegans genome,
which contains between 17,300 (estimated from expressed open
reading frames”) and 19,000 (all known and predicted open reading
frames’) genes, expresses at least 13-15% of its genes as operons.

Table 2 Operons containing human disease gene orthologues

Gene Disease No. of genes in operon
B0261.2 Ataxia telangiectasia (ATM) 3
C01G8.5 Neurofibromatosis, type 2/Batten’s disease 4
C15F1.7 Amyotrophic lateral sclerosis (ALS) 3
C16C2.3 Lowe syndrome 3
C48E7.4 Primary open angle glaucoma 4
F12F6.3 Hereditary multiple exostoses 2
F538H8.1 Hermansky-Pudlak syndrome 2
F59G1.7 Friedreich ataxia (FRDA) 7
KO8E3.7 Parkinson’s disease, juvenile 2 2
Y110A7A.5 Myotubular myopathy 5
Y56A3A.13 Fragile hystidine triad 3
Y76A2A.2 Menkes syndrome/Wilson disease 5
ZK675.1 Nevoid basal cell carcinoma syndrome 2

An expanded version of this list, containing hypothesized functions for all of the genes in the
operons, can be found in Supplementary Information.
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These operons are not evenly distributed on the C. elegans chromo-
somes (Fig. 2). The X chromosome has only 37 identified operons
(2.1 per megabase, Mb), whereas chromosome III has 207 (16.2 per
Mb). The availability of thousands of cDNA clones allowed esti-
mation of the distance between genes for 285 operon gene pairs (Fig.
3). The mean intercistronic distance is 126-base pairs (bp), with
most between 100 and 120 bp.

The correlation between SL2 trans-splicing and downstream
position in an operon is quite strong. Nonetheless some genes
that appear to be downstream in operons do not have high SL2/
poly(A)* scores, perhaps because their mRNAs were not well
represented in the probe RNA population. Some operons that are
expressed at low levels may have been missed. Also, some down-
stream genes in operons may get trans-spliced to SLI rather than
SL2%. Operons with long spacing might be missed because they have
a tendency to be SL1 spliced’. Furthermore, some genes that do get
SL2 trans-spliced appear not to be downstream in operons. Perhaps
there is a rare mode of SL2 trans-splicing that does not require a
gene to be downstream in an operon.

Operons are a common form of gene organization in bacteria and
archaea, but they are in general absent in eukaryotes (with the
possible exception of trypanosomes). Based on genome sequences
of yeast, Arabidopsis, Drosophila and humans, operons are very
unlikely to be found in this wide array of species. Trans-splicing
appears to be an enabling characteristic. Presumably operons exist
only when trans-splicing can provide a cap to protect the down-
stream RNA following 3’ end cleavage and prevent the accompany-
ing transcription termination. Operons have been reported only in
rhabditid nematodes’, although recent work suggests they are found
elsewhere among the nematodes (D. G. Giliano and M. Blaxter,
personal communication). Nevertheless, the fact that operon
organization in C. elegans is so common implies that the genome
may be quite plastic, perhaps owing to chromosomal rearrange-
ments producing new gene juxtapositions'’. Given the relatively
compact C. elegans genome, operon evolution may have been driven
in part by constraints on chromosomal structure or organization.

Caenorhabditis elegans operons appear to be a means to co-
regulate functionally related proteins, like bacterial operons. Related
genes do occur in operons'''°. Indeed, numerous additional
examples are found in the list of operons reported here. For
example, D1054.2, encoding a proteasome subunit, is in an operon
with a ubiquitin ligase complex subunit. ZK856.9, which encodes a
TFIIIC transcription factor, is in an operon with an RNA polymer-
ase III subunit. C15HI1.9, encoding a regulator of ribosome
synthesis, is in an operon with an RNA polymerase I subunit.
C15C7.1, encoding a vesicle docking and trafficking protein, is in an
operon with a GRIP domain protein that also functions in the trans-
Golgi. These and numerous other examples show that related genes
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Figure 3 Operon intercistronic distances. Distances from the 3" end formation site of
upstream genes and trans-splice sites of downstream genes are plotted for the 285
operons for which reliable data are available (listed in Supplementary Information Table 6).
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are often found together in operons. Furthermore, such relation-
ships occur far more frequently than would be expected by chance.
For example, all seven genes with an RNA-binding domain of the
‘RNA recognition motif’ (RRM) type that are in operons with other
genes with identified functions are in operons with other nucleic-
acid-interacting proteins. In contrast, of seven proteins likely to be
involved with the Golgi, only one operon contains a nucleic-acid-
binding protein, whereas four contain proteins related to transport.
Our results show that genes for mitochondrial proteins have a
strong tendency to be in operons with genes for other mitochon-
drial proteins, and that this relationship is highly significant
(P = 3.6 X 10~ see Supplementary Information Tables 3 and 4).
The same is true for genes encoding splicing proteins. However,
whether operons usually contain genes of related function is not yet
known.

Nonetheless, the presence of a gene in an operon with another
gene has recently been used to successfully predict a previously
unknown functional relationship'®, suggesting that the operons can
be used to uncover related genes. We note that many examples of
genes in operons are apparent orthologues of genes that cause
disease in humans'” (Table 2). It may be possible to identify novel
genes that are functionally related to the disease genes by investi-
gating the other genes in these operons. O

Methods

SL2-enriched cDNA was prepared by reverse transcribing 5 pg of mixed stage poly(A)™
RNA primed with oligo(dT)'®. The cDNA was denatured at 70 °C for 2 min, and annealed
to a T7/SL2 primer (1 pM; 5 -TGAATTGTAATACGACTCACTATAGGGAGA
GGTTTTAACCCAGTTACTCA-3") at 42°C for 5 min, followed by extension with
Escherichia coli DNA polymerase I Klenow fragment in 100 ul at 37 °C for 30 min. RNase H
was destroyed by incubating with 0.5% SDS and 20 p.g proteinase K for 1h at 55 °C. The
cDNA was extracted with phenol, phenol/chloroform, chloroform/isoamyl alcohol and
ethanol precipitated. SL2-enriched cRNA was prepared using T7 RNA polymerase using
the manufacturer’s Megascript protocol (Ambion). DNA microarrays are described in ref.
19. RNA preparation, cDNA synthesis, labelled cDNA preparation, microarray
hybridization and microarray scanning were performed as previously described'®. Cy3-
dUTP was used to label SL2-enriched cDNA and Cy5-dUTP was used to label cDNA from
poly(A)* RNA made from a mixed stage population of wild-type worms. The SL2-
enriched probe and the probe from the starting poly(A)™ mRNA were simultaneously
hybridized to DNA microarrays. To ensure reproducibility, this procedure was repeated
five times. Ratios of Cy3/Cy5 (SL2/poly(A)™) signals were calculated for each gene and
converted to log,(ratio). We then calculated the average log,(ratio) from the five repeats.
The full data set is available as Supplementary Information Table 5. The results are
presented by dividing the resulting log,(ratios) into bins (Fig. la).
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Sensory information reaches the cerebral cortex through the
thalamus, which differentially relays this input depending on the
state of arousal'. Such ‘gating’ involves inhibition of the thala-
mocortical relay neurons by the reticular nucleus of the thala-
mus®?®, but the underlying mechanisms are poorly understood.
We reconstructed the thalamocortical circuit as an artificial and
biological hybrid network in vitro. With visual input simulated as
retinal cell activity, we show here that when the gain in the
thalamic inhibitory feedback loop is greater than a critical value,
the circuit tends towards oscillations—and thus imposes a tem-
poral decorrelation of retinal cell input and thalamic relay
output. This results in the functional disconnection of the cortex
from the sensory drive, a feature typical of sleep states. Con-
versely, low gain in the feedback inhibition and the action of
noradrenaline, a known modulator of arousal*”'’, converge to
increase input—output correlation in relay neurons. Combining
gain control of feedback inhibition and modulation of membrane
excitability thus enables thalamic circuits to finely tune the
gating of spike transmission from sensory organs to the cortex.

The thalamus is the major gateway for the flow of sensory
information to the cerebral cortex. Far from being a passive relay,
this structure actively processes information before cortical inte-
gration. It is the first stage at which sensory signals can be gated
during selective attention or during the transition from general
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arousal to sleep'™*. Although much is known about the anatomy
and the synaptic and cellular properties of the thalamic networks,
the nature of the sensory information processing throughout
selective arousal and sleep—wake stages is not yet understood. The
goal of this work was to investigate the mechanisms responsible for
changes in the efficiency of sensory spike transfer in the retino-
thalamic network, during different states of arousal. We used hybrid
biological-neuromimetic networks that allow direct control of
cellular and synaptic components''. We measured the variations
of spike-to-spike correlation between identified input and output
neurons, reflecting the efficiency and reliability of signal transfer in
different activity states.

In our hybrid networks (Fig. 1a), synaptic-like interactions
between realistic conductance-based model neurons and an intra-
cellularly recorded biological neuron run in real time, following the
natural dynamics of the biological cell or network. Individual
membrane currents of the simulated and biological neurons and
the properties of their synaptic connections can be selectively and
quantitatively controlled throughout their dynamic range, in vitro
or in vivo. The required speed of real-time computation is achieved
by using both programmable digital signal processors (DSPs) and
newly designed analog integrated circuits'">. A dynamic clamp
procedure was used to simulate synaptic conductances by current
injection through the intracellular recording pipette'.
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Figure 1 Design of hybrid thalamic circuits. a, Artificial synaptic connections between a
biological TC cell recorded intracellularly in an LGNd slice and DSP-based and analog
integrated circuit (IC) neurons. Wiring diagram in a ferret LGNd slice: +, excitatory; —,
inhibitory. b, One-to-one coupling in ferret networks: a burst of spikes evoked in a single
TC neuron can trigger burst firing of a target PGN neuron (not shown), which generates
feedback inhibition'*~'® (arrow) and rebound burst (asterisk). Middle, tetrodotoxin (TTX)
block of PGN activity prevents feedback inhibition. Bottom, synaptic interaction between
PGN and TC neurons leads to repetitive TC bursts. ¢, Hybrid circuit reconstruction using
nRt/PGN model cell, in guinea-pig LGNd slices where TC cells are initially synaptically
isolated: effect of incrementing nRt/PGN-mediated GABA conductance. Calibration bars,
0.1s,20mV, 0.35nA.
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